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ABSTRACT
Magnesium alloys offer a base of lightweight engineering materials for electronic,
military and transportation applications where weight reduction is crucial for higher
efficiency. Understanding fundamental diffusion behavior in Mg alloys elicits better
materials properties through the optimization of processing techniques and heat
treatments, whose material responses are affected by diffusion. The main objective of
this study is to provide a clear, comprehensive description of the diffusion behavior in
the technically important magnesium-aluminum binary metallic system.

In this study, diffusion in the Mg-Al system was observed through solid diffusion couples
and thin film specimens in the temperature range of 673-523K. The formation and
growth of the intermetallic phases, β-Mg 2 Al 3 and γ-Mg 17 Al 12 , and the absence of the εMg 23 Al 30 phase was observed. The β-Mg 2 Al 3 phase grew thicker, had higher parabolic
growth constants and lower activation energy for growth. Concentration-dependent
interdiffusion coefficients were determined using the Boltzmann-Matano method.
Interdiffusion in the β-Mg 2 Al 3 phase was the highest, followed by the γ-Mg 17 Al 12 phase,
the Al solid solution and the Mg solid solution. Intrinsic diffusion coefficients at the
marker plane composition of 38 at.% Mg in the β-Mg 2 Al 3 were determined from
Heumann’s method for Mg and Al, for which Al was higher. Extrapolations of the
impurity diffusion coefficients in both terminal solid solutions were made and compared
to available literature data. The thermodynamic factor, tracer diffusivity and atomic
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mobility of Mg and Al at the marker plane concentration were estimated using Mg
activities in the β-Mg 2 Al 3 available from literature.

The impurity diffusion of Al and self-diffusion of the stable isotope,

25

Mg, in

polycrystalline Mg was measured from thin film specimens via depth profiling using
secondary ion mass spectrometry. The Al impurity diffusion observed is compared to
the

extrapolations

from

the

parallel

interdiffusion

study.

The

self-diffusion

measurements are compared to reported literature values and were observed to be
significantly higher. Several reasons for the observed difference in the magnitude of
diffusivities are discussed.
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1 INTRODUCTION

The necessity to increase efficiency through weight reduction has stimulated research in
lightweight materials. Magnesium alloys and composites are extremely attractive
lightweight materials for numerous electronic, military and transportation applications
where weight reduction is crucial for safety and performance (Mordike & Ebert, 2001)
(Luo, 2002) (Kulekci, 2008) (Urbance, Field, Kirchain, Roth, & Clark, 2002) (Cho, et al.,
2009) (Zaludova, 2005) (Ye & Liu, 2004) (Bamberger & Dehm, 2008). Aside from their
lightweight, Mg alloys also possess high specific strength, excellent castability,
workability and machinability. The most commonly used Mg alloys are those based on
the magnesium-aluminum (Mg-Al) system, such as the Mg alloy, AZ91, which has two
main alloying additions, aluminum and zinc. In order to further advance the relevant
properties of Mg alloys for widespread applications, an understanding of fundamental
materials behavior, such as diffusion, is needed.

The materials phenomenon of diffusion plays an important role in alloy optimization and
development. Knowledge of reliable diffusion properties in Mg alloys can aid in
designing, processing, manufacturing, and understanding degradation of new and
existing alloys. Despite the great potential for many applications, reports of diffusion
properties for Mg and Mg-alloys are scarce and predate the recent interest. A
compilation of most of the available tracer and self-diffusion data in Mg was provided by
1

Fujikawa in 1992 (Fujikawa S. , 1992). Recently, diffusion of rare-earth elements in Mg
has been explored (Xu, Chumbley, Weigelt, & Laabs, 2001) (Zhang, Kevorkov, &
Pekguleryuz, 2010) due to their ability to improve the strength and creep resistance of
Mg alloys through precipitation hardening.

In this investigation, Mg-Al interdiffusion was examined by using solid-to-solid diffusion
couples. The Mg-Al system is of great technical importance in both commercial Mg and
Al alloys. Experimental observations and analysis were carried out with respect for
previous studies on Mg-Al interdiffusion (Heumann & Kottmann, 1953) (Funamizu &
Watanabe, 1972) (Tanguep Njiokep, Salomon, & Mehrer, 2001) wherein some
discrepancies in microstructural features are identified, and the concentrationdependence of interdiffusion coefficients was not fully reported.

A study of the impurity diffusion of Al in polycrystalline Mg was also conducted in
parallel utilizing the thin film method and depth profiling with secondary ion mass
spectrometry (SIMS). Diffusion measurements with SIMS are advantageous because
accurate measurements can be made with small diffusion distances, thus shortening
the experimental annealing time and subsequent time spent obtaining the concentration
profile, for example, in contrast to using the classical sectioning technique where
carefully thinned slices of the sample are cut and individually analyzed.
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The self-diffusion of the stable isotope,

25

Mg in polycrystalline Mg was also investigated

via the use of thin film specimens and SIMS depth profiling.

The main objectives of these diffusion studies are
•

To investigate the interdiffusion behavior of the Mg-Al system via solid diffusion
couples to observe
o Intermetallic phase layer formation and growth kinetics
o Concentration-dependent interdiffusion behavior
o Intrinsic diffusion behavior at the Kirkendall marker plane location

•

To compare this studies results with previous studies on the Mg-Al system and
clarify the discrepancies regarding the diffusion behavior of the system and
observed microstructural features (marker plane and pores).

•

To verify that utilizing SIMS for diffusion measurements in Mg systems is
applicable and address issues associated with the measurements.

•

To study the impurity diffusion of Al in polycrystalline Mg via SIMS depth profiling.

•

To study the self-diffusion of the stable isotope

25

Mg in polycrystalline Mg, also

using depth profiling with SIMS.
Finally, conclusions from all three studies are presented to encompass the growth and
diffusion behavior in this exceptional, technically important binary metallic system.
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2 LITERATURE REVIEW

2.1

Reactive Diffusion and Growth

Diffusion refers to the movement of atoms, ions or molecules in a gas, liquid or solid.
Studying this movement of atoms allows for an understanding of certain material
behaviors and properties related to kinetics phenomena and defect types and
structures. Diffusion in solids involves the migration of atoms under a chemical potential
gradient or, the force to cause intermixing. Diffusion can occur under a number of
chemical potential gradients such as a concentration gradient, an electrical potential
gradient, a thermal gradient or a stress gradient. This migration occurs in order to lower
the free energy of the system to reach equilibrium. For the purposes of this document,
only isothermal diffusion (concentration gradient) will be discussed. In this case, atoms
migrate to decrease the concentration gradient by the thermally activated process of
diffusion. This process is demonstrated in Figure 1 by a schematic of a diffusion couple
experiment between two pure metals, A and B. A diffusion couple is made by joining
two bars of two different metals or alloys together, providing close contact between the
faces. The diffusion couple is then annealed at an elevated temperature for a period of
time and then cooled to room temperature.

Knowledge of diffusion is the basis to understanding the various changes that can occur
at elevated temperatures. Several materials phenomena such as precipitation,
oxidation, creep, and the heat treatments of alloys are diffusion controlled. Knowledge
4

of diffusion, the migration of atoms, also gives insight into the study of defects in solids,
such as voids and dislocations (Shewmon, 1989).

Figure 1: Schematic illustration of a binary diffusion couple of elements A and B (a)
initial configuration before annealing, (b) mixing of A and B atoms due to diffusion after
annealing.

Reactive diffusion is a physical-chemical process that results in a solid continuous
compound layer forming at the initial interface between two or more substances. This
layer formation and growth is due to continuous combination of the diffusion of atoms of
5

the bulk reactants and chemical reactions taking place at the interfaces with these
diffusing atoms (Dybkov, 2002). These chemical reactions include:
•

The transition of atoms of one substance through the interface from one phase to
another

•

The formation of molecules or ions by the redistribution of the electronic density
of atomic orbitals

•

The rearrangement of a crystal lattice of an initial phase into that of the chemical
compound being formed.

Figure 2 conveys the case of a simple binary system with elemental substances, A and
B, which forms only one intermetallic compound according to the equilibrium phase
diagram. The intermetallic layer, A m B n , grows according to the rate of chemical
reactions taking place at the interfaces of both A and B and the rate of diffusion of these
atoms to the interfaces. There are two main growth regimes that can typically describe
this growth process, the reaction controlled regime and the diffusion controlled regime.

6

Figure 2: Schematic of an equilibrium phase diagram with one intermetallic compound
and a diffusion couple with the resulting growth of the intermetallic compound after
annealing.

Initially, when the growing intermetallic layer is very thin, there is a short diffusion path
for the atoms to migrate across, allowing for essentially constant chemical reactivity at
the interface. This regime is reaction controlled, and is only limited by the rate of
chemical reactions. This initial growth regime is linear and can be described by

x = klt

(1)
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where x is the layer thickness in meters, k l is the linear growth constant in m/s and t is
the annealing time in seconds.

The diffusion controlled regime is the other extreme. As a layer grows, the diffusion path
for the supply atoms is increasing, essentially slowing the rate of the chemical reactions
occurring. When the layer reaches a certain critical thickness, its growth becomes
dependent on the rate of diffusion of the supply atoms through the layer and the effect
of the rate of chemical reactions on its growth becomes negligible. The time
dependence of the intermetallic layer thickness in the diffusion controlled regime can be
described by the parabolic equation

x 2 = 2k p t

(2)

where x (m) is the layer thickness, k p (m2/s) is the parabolic growth constant and t (s) is
the time. Some theoretical analyses for layer growth of an intermetallic phase have
been given by several investigators (Kidson, 1961) (Gibbs, 1966) (Kajihara, 2004)
(Pretorius, Marais, & Theron, 1993). From these investigations, in summary, an
intermediate phase layer will grow more rapidly as:
•

the diffusion coefficient in the layer is larger,

•

the diffusion coefficients in the surrounding phases are smaller,
8

•

the homogeneity range of the phase in the equilibrium phase diagram is wider,

•

the concentration range of the surrounding two-phase areas in the phase
diagram is narrower,

•

the heat of formation of the phase is higher, and

•

the crystal structures between adjoining phases are similar.

These observations are not absolute, however; a phase may grow thicker and only
follow one or two of these observations.

2.2

The Vacancy Mechanism of Diffusion and the Kirkendall Effect

Atoms in a crystal lattice oscillate around their equilibrium lattice positions, and on
occasion, the oscillations are large enough for an atom to jump from its position. These
atomic jumps give rise to the diffusion of atoms in solids. Not all crystal sites are
occupied by atoms, however. Unoccupied lattice sites are called vacancies. The
vacancy mechanism of diffusion, shown schematically in Figure 3, is an atom in a lattice
site next to a vacancy jumping to fill the vacancy.

9

Figure 3: Schematic of the vacancy mechanism of diffusion in substitutional solutions.

The vacancy mechanism is responsible for the self-diffusion of pure metals as well as
mostly all substitutional solutes in alloy systems. The Kirkendall effect is a confirmation
of the vacancy mechanism of diffusion. The Kirkendall effect was shown by the
experiments of Smigelskas and Kirkendall (Kirkendall, 1947) studying the diffusion of
copper and zinc within the alpha-brass composition range. For simplicity, the effect will
be described using a diffusion couple consisting of pure metals, A and B. In Figure 4, a
diffusion couple of pure metal A and pure metal B is assembled with inert markers (i.e.,
refractory wires or oxide particles) placed at the interface of contact between the two
end members. These markers serve as a plane of reference (lattice-fixed) from which
the diffusion process can be observed in relation to the laboratory fixed frame of
reference (i.e., the ends of the diffusion couple). After assembly, the diffusion couple is
annealed at an elevated temperature for a considerable time and then cooled to room
temperature. The diffusion couple is then sectioned perpendicular to the plane of the
markers and the composition of each section is analyzed and plotted versus distance to
give a concentration profile. The concentration profile reveals there has been a
10

migration of B atoms into the A side of the couple as well as a migration of A atoms into
the B side of the couple. This result was not unknown when Smigelskas and Kirkendall
performed their experiments; however, what was interesting was showing the inert
markers placed in the diffusion couple had moved.

Figure 4: Schematic representations of a diffusion couple between elements A and B
and a demonstration of the Kirkendall effect. Inert markers (white spots) placed at the
initial interface before annealing are shifted with increasing annealing time (t 2 >t 1 ) to the
right (from x initial ) as the diffusion of the species B is faster than A.

The movement of the markers can be explained by maintaining that each species of
atoms moves at a different rate in the system, mainly, each element has its own intrinsic
diffusivity in the system. Figure 5 shows a schematic of the flux of A atoms, B atoms
and vacancies, with species B having the faster rate of diffusion. Every time an atom
11

jumps, a corresponding vacancy moves, enabling a flow of vacancies in the opposite
direction of the faster moving species. This side of the diffusion couple loses more
atoms than it gains from the other diffusing species, resulting in shrinkage on the faster
diffusing species side and swelling on the slower diffusing species side. It is possible,
under these conditions, to form pores in the side of the faster moving species largely
due to the stresses associated with the shrinking in the faster moving species side of
the diffusion couple.

Figure 5: Schematic of the intrinsic fluxes of atoms A and B and flux of vacancies in a
diffusion couple where the diffusion of B atoms is faster.

12

2.3

Types of Diffusion

2.3.1 Self-diffusion in metals
Self-diffusion is the diffusion of a material’s atoms within itself, for example, selfdiffusion in a metallic element A is the movement of A atoms within that solid. Selfdiffusion is the most fundamental, and consequently one of the most studied, types of
diffusion. Experimentally, self-diffusion is usually observed via the tracer method, where
tagged atoms are used as the diffusant. These tagged atoms are either stable or
radioactive isotopes that are chemically identical to the matrix material and only differ
slightly in atomic mass. The effects of this difference in atomic mass between the
tagged isotope and the host atom during self-diffusion can typically be neglected. In
some cases, the difference in diffusion behavior due to the mass difference is of interest
and can be studied. This effect is known as the isotope or mass effect and can
sometimes reveal insight into the diffusion mechanism. The vacancy mechanism of
diffusion, described in Chapter 2.2, is responsible for the self-diffusion of practically all
metals. Figure 6(a) shows schematically a typical self-diffusion experiment for a metallic
element using a tracer, A*, of the matrix material A.

13

Figure 6: Schematic illustration of the initial configurations of typical thin film tracer
diffusion experiments for (a) the self-diffusion of A* in A and, (b) the impurity diffusion of
B* in A.

2.3.2 Tracer and impurity diffusion in metals
As described above, tracer diffusion involves tagged atoms migrating through a solid. In
the case of self-diffusion, these atoms are chemically identical to the matrix, however,
they can also be chemically different than the matrix. The latter case is considered
impurity diffusion. In a typical tracer or impurity diffusion experiment, a thin film of a
stable or radioactive isotope of element B* is deposited on the matrix element A, as
shown in Figure 6(b). At an elevated temperature this thin film of tagged impurity atoms
diffuses through the matrix and can be measured by sectioning techniques or by depth
profiling techniques, such as secondary ion mass spectrometry. The tracer diffusion
coefficient is essentially independent of the tracer concentration and implies that the
diffusion of tracer atoms in a matrix is not influenced by the presence of other tracer
atoms. The tracer concentration gradient can be kept small enough that the total
composition of the sample during the experiment does not change. Tracer and impurity
diffusion experiments are used to study self-diffusion and impurity or solute diffusion in
very dilute conditions.
14

2.3.3 Interdiffusion and intrinsic diffusion in metals
Interdiffusion, also referred to as chemical diffusion, occurs under a chemical potential
gradient that drives the system to intermix. An example of this would be a binary
diffusion couple between two pure metals, A and B. In a binary system, there is one
interdiffusion coefficient to describe the interdiffusion between A and B, and it is usually
concentration and temperature-dependent. Method’s on how to obtain the interdiffusion
coefficient will be discussed in the next chapter.

Intrinsic diffusivity is the rate of diffusivity of each element, A and B, in the binary
system. In order to obtain the intrinsic diffusion coefficients, knowledge of the
interdiffusion coefficient, and the location of the Kirkendall marker plane in relation to
the laboratory fixed plane (or the Kirkendall plane velocity) are necessary by the use of
the Darken or Darken-Manning equations described in Chapter 2.4.2.

2.4

Diffusion equations

2.4.1 Fick’s Laws
There are two basic approaches to studying solid state diffusion, the atomistic approach
and the continuum approach. In the atomistic approach, the diffusion behavior in a
material is considered at the atomic level. The continuum approach treats the diffusion
in a solid as a continuous medium, neglecting diffusion behavior at the atomic level. The
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continuum approach can be used to analyze and predict micro- and macroscopic
physical and chemical changes. In this study, the continuum approach was utilized for
diffusion analysis.

In a single-phase, inhomogeneous alloy, atoms will migrate to decrease the
concentration gradients when annealed. The diffusion flux, or number of atoms
migrating through a unit area per unit time, can be obtained by taking the flux
perpendicular to a given cross-sectional area to be proportional to the concentration
gradient across that area. For the concentration gradient of a component i in one
direction (x), the flux, J i (mol/m2-s) is given by Fick’s first law (Fick, 1855)

∂C

Ji = −D � ∂xi �

(3)

where the proportionality constant, D (m2/s), is called the diffusion coefficient, C i
(mol/m3) is the concentration and x (m) is the position. Fick’s first law is most convenient
to use under steady state conditions, meaning, the concentration at a point does not
change with time. However, if the concentration does vary with time, t (s), Fick’s first
law, Eq. (3), should be combined with the law of mass conservation to obtain the partial
differential equation
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∂C
∂t

∂J

∂

∂C

= − ∂xi = ∂x �D ∂x �

(4)

When the diffusivity, D, is a constant (i.e., independent of concentration), Eq. (4)
simplifies to a linear second-order partial differential equation of the form

∂C
∂t

∂2 C

= D ∂x2

(5)

In this form, the concentration as a function of position (i.e., in the x-direction) and time,
C(x,t), can be approximated using Gaussian or error function solutions if the initial and
boundary conditions are known. This is the case for tracer diffusivity in a chemically
homogeneous system and for diffusion in ideal solid solutions. The reader is referred to
the book written by J. Crank (Crank, 1975) for a more comprehensive treatment of
mathematical solutions to Fick’s second law and diffusion behavior.

� . In solids,
To specify interdiffusion, the diffusion coefficient is usually denoted as D

interdiffusion is typically a function of composition and temperature, making Eq. (4) a
nonlinear differential equation. Normally, solutions for the equation in this form cannot
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be obtained analytically. The determination of the interdiffusion coefficient as a function
� (C), can be obtained by a graphical method such as the Boltzmannof concentration, D

Matano analysis (Boltzmann, 1894) (Matano, 1933). Since this method was employed
for the interdiffusion study in this document, elaboration of this method is provided.

Boltzmann (Boltzmann, 1894) showed that the nonlinear partial differential equation
form of Fick’s law can be transformed into a nonlinear ordinary differential equation
when the interdiffusion coefficient is a function of concentration only by using a scaling
parameter, λ = x⁄√t, where x and t represent distance and time, respectively. Using this
parameter in Eq. (4) yields

−λ dC
2 dλ

d
�
= dλ �D

dC
dλ

�

(6)

Utilizing this transformation, Matano, considering a binary diffusion couple, applied the
initial and boundary conditions C=C L for (x<0, t=0) and C=C R for (x>0, t=0) and
obtained a solution in the form of

1 dλ

C

� (C) = −
D
∫ λ dC
2 dC 0

C

with the condition ∫C R λ dC = 0
L
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(7)

If the annealing time, t, is constant, Eq. (7) becomes

� (C) = 1 dx ∫C x dC
D
2t dC C
L

C

with the condition ∫C R x dC = 0

(8)

L

Satisfying the condition given gives the position of the Matano plane, x o , which is
required for analysis. The location of the Matano plane can be found from the
experimental

concentration

profile.

The

Boltzmann-Matano

method

is

shown

schematically in Figure 7. The location of the Matano plane occurs when the areas
above and below the concentration profile are equal; area A=area B, both shown in grey
in Figure 7. To determine the concentration-dependent interdiffusion coefficient at a
C∗

concentration, C*, the integral ∫C x dC is evaluated to obtain the area, A*, shown in the
L

hatched region of Figure 7. Then, the concentration gradient (or slope of the
concentration profile), m=(dC/dx) C* , is found at the corresponding position, x*. Finally,
� (𝐶 ∗ ) = −𝐴∗ /(2𝑡𝑚),where t is the
the interdiffusion coefficient for C=C* is found as: 𝐷

time. This method is valid for an infinite system, requiring the concentrations at the
boundaries of the system to remain unchanged. Another requirement of this method is
the volume of the diffusion couple remains constant during the diffusion process; the
total molar volume, V m , of the binary system follows Vegard’s rule. Vegard’s rule,
𝑉𝑚 = 𝑉𝐴 𝑁𝐴 + 𝑉𝐵 𝑁𝐵 , is characterized by the partial molar volumes (V A , V B ) of both
components in a binary A-B system vary linearly with composition (N A , N B ). If a system
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deviates from Vegard’s rule, other graphical methods such as the one derived by Sauer
and Freise (Sauer & Freise, 1962) should be employed to find the concentrationdependent interdiffusion coefficients.

Figure 7: Schematic representation of the Boltzmann-Matano method for a binary A-B
diffusion couple with starting compositions of C L and C R .

2.4.2 The Darken equations
The Boltzmann-Matano analysis allows for the determination of the interdiffusion
� (𝐶), which is essentially an average diffusion
coefficient as a function of concentration,𝐷
coefficient for both diffusing species in a binary system. It does not, however, give

insight into the diffusion of each species, i.e., their intrinsic diffusivities. As described in
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Chapter 2.2, the Kirkendall effect is proof that each diffusing species migrates at a
different rate, described by the intrinsic diffusion coefficient. Darken (Darken, 1948)
gave a theoretical description relating interdiffusion and intrinsic diffusion in a binary
system. To explain Darken’s analysis, consider a binary A-B diffusion couple (i.e.,
Figure 4). Inert markers are placed between the initial bonding surfaces and the
diffusion couple is annealed at an elevated temperature for interdiffusion to occur. The
markers become trapped at a certain composition during diffusion and move with this
composition as the process continues with time. The intrinsic flux, J i , at the marker
plane, x M , is given by

∂C

Ji = −Di �∂x i �
M

(i=A, B)

(9)

where D i is the intrinsic diffusion coefficient for species i and 𝜕𝐶𝑖 ⁄𝜕𝑥𝑀 is the

concentration gradient at the maker plane. The marker plane moves in reference to the
lattice frame of reference, however, it can be shown to move parabolically in time with
respect to the laboratory frame of reference, i.e., 𝑥𝑀 = 𝐾 √𝑡, where K is a constant
depending upon temperature. The velocity of the Kirkendall plane is given by vK =

xM ⁄2t. The Kirkendall velocity can also be expressed in terms of intrinsic fluxes and
partial molar volumes as
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vK = −(VA JA + VB JB )

(10)

Given that dCA = −(VB ⁄VA )dCB , Eq. (10) can be written as

vK = VB (DB − DA )

∂CB

(11)

∂xM

where ∂CB ⁄∂xM is the concentration gradient at the Kirkendall marker plane. Following
Darken’s analysis, the interdiffusion flux at the Kirkendall plane is expressed as

̃J = −Di ∂Ci ± vK Ci (i=A,B)
∂x

(12)

M

where the first term on the right-hand side of the equation is the sum of the intrinsic
diffusion flux of one of the components, i, and the v K C i term represents the Kirkendall
drift. Combining Eq. (11) and Eq. (12), a general expression for the interdiffusion
coefficient can be obtained as

� = CA VA DA + CB VB DB
D

(13)
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When the partial molar volumes are equal and do not change with composition
(V m =V A =V B ), Eq. (13) can be written as

� = NA DA + NB DB
D

(14)

where N A and N B are the mole fractions of components A and B, respectively. Eq. (14)
is known as Darken’s equation, and in conjunction with Eq. (11), it can be used to
determine the intrinsic diffusion coefficients of A and B from the interdiffusion coefficient.

As mentioned, the actual driving force for diffusion is a chemical potential gradient,
𝜕𝜇𝑖 ⁄𝜕𝑥 , not the concentration gradient, 𝜕𝐶𝑖 ⁄𝜕𝑥 as assumed in Fick’s laws. In terms of
the chemical potential gradient of component i, the intrinsic flux in a binary system can
be written as

Ji = −βi Ci

∂µi
∂x

(i=A,B)

(15)

where β i is the atomic mobility and μ i is the chemical potential of component i. Chemical
potential can be described by the equation
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µi = µoi + RT ln ai

(i=A,B)

(16)

where 𝜇𝑖𝑜 is the standard chemical potential at 1 atm and 298K, R is the ideal gas

constant (8.314 J/mol-K) and a i is the thermodynamic activity of component i.
Thermodynamic activity is given by 𝑎𝑖 = 𝛾𝑖 𝑁𝑖 , where γ i is the activity coefficient. The
activity is related to the thermodynamic factor, Φ, by 𝜕 𝑙𝑛 𝑎𝑖 ⁄𝜕 𝑙𝑛 𝑁𝑖 (Philibert, 1991). The

intrinsic diffusion coefficient and the tracer diffusion coefficient, 𝐷𝑖∗ , of species i can be

related by combining Eq. (15), the Nernst-Einstein relation; 𝐷𝑖∗ = 𝛽𝑖 𝑅𝑇 and substituting
into Eq. (9) to yield (Darken, 1948)

Di = βi RTΦ = D∗i Φ

(i=A,B)

(17)

Finally, an expression for interdiffusion in terms of the thermodynamic factor and tracer
diffusivities for the binary A-B system is given by (Darken, 1948)

� = (NA D∗B + NB D∗A )Φ
D

(18)
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Eq. (17) and Eq. (18) are Darken’s equations used in diffusion analysis for substitutional
binary alloys. It should be noted that for an ideal solid solution the activity coefficient is
γ i =1 and activity, a i =N i , therefore, the thermodynamic factor, Φ=1 (Raoult’s law)
(Philibert, 1991). However, Φ deviates from unity for non-ideal solutions. Larger
deviations, and therefore larger thermodynamic factors, are often observed for
intermetallic compounds due to the attractive interaction between phase constituents,
especially in ordered compounds. It should be noted that Eq. (18) does not account for
the flux of vacancies present during the interdiffusion process required for the Kirkendall
effect to occur. A correction term, S, multiplied by the right-hand side of Eq. (18), was
introduced by Manning and is a culmination of the tracer diffusion coefficients and
correlation factors of the system components. This correction term is known as the total
vacancy wind factor or Manning factor. For a further explanation of vacancy wind
effects, the reader is referred to the works of J.R. Manning (Manning J. R., 1968)
(Manning J. , 1967).

As mentioned above, diffusion processes can be a function of concentration and
temperature. Frequently, the temperature dependence of diffusion can be described by
the Arrhenius relation

−Q

D = Do exp � RT �

(19)
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� , intrinsic diffusion
presented here in general form since the interdiffusion coefficient, 𝐷

coefficient, 𝐷𝑖 , and the tracer diffusion coefficient, 𝐷𝑖∗ , can all exhibit this temperature

dependence. D o is the pre-exponential or frequency factor and has the same units as
the diffusion coefficient (m2/s). Q is the activation energy for the diffusion process,
typically given in kJ/mole. R is the ideal gas constant and T is the temperature in Kelvin.
From a semi-logarithmic plot of the diffusion coefficient versus the quantity 1/T
(1/temperature), the activation energy can be calculated from the slope as shown
schematically in Figure 8.

Figure 8: Schematic illustration of the determination of the activation energy for
diffusion.
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2.5

Magnesium and diffusion

2.5.1 Magnesium and magnesium alloys
Magnesium (Mg) is the lightest weight metal available for structural applications.
Current use of Mg in the electronics, military and transportation industries is greatly
increasing due to the unique properties and advantages afforded by these alloy systems
and is forecasted to continue increasing (Mordike & Ebert, 2001) (Urbance, Field,
Kirchain, Roth, & Clark, 2002) (Cho, et al., 2009) (Bamberger & Dehm, 2008). The
density of Mg is 1.74 g/cm3, making it 1/5th that of iron, 2/5th that of titanium and 2/3rd
that of aluminum (Avedesian & Baker, 1999). Magnesium alloys also exhibit good
damping capacity, excellent castability, weldability and machinability (Mordike & Ebert,
2001). They have been used in myriad applications such as cell phone and laptop
cases, automobile instrument panels, steering wheels and even internal engine
components and helicopter gearboxes, etc (Mordike & Ebert, 2001) (Cho, et al., 2009).
There have been improvements in the corrosion resistance of Mg alloys with the use of
high purity Mg and improvements in the creep resistance with additions of rare earth
elements such as yttrium and neodymium. Misconceptions with regards to the
flammability of Mg alloys are often encountered when in fact, in solid form, Mg is very
difficult to ignite. Only in powder or machine chip form is it necessary to take
precautions against flammability issues. Continued efforts to develop new Mg alloys or
modify current ones for further improved corrosion resistance, creep resistance, ductility
and strength are ongoing (Bamberger & Dehm, 2008).
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Magnesium is the eighth most common element in the world and the sixth most
abundant metal. The main sources are seawater, containing about 0.14% Mg and
minerals such as Carnallite (KMgCl 3 6(H 2 O)), Dolomite (MgCO 3 CaCO 3 ) and Magnesite
(MgCO 3 ). There are three main extraction processes to obtain Mg metal; Calcination,
the Pidgeon process, and the Dow process. Calcination involves heating Magnesite to
produce Magnesium Oxide, MgO which is then mixed with petroleum coke heated to
separate the oxygen from the magnesium. The Pidgeon process, or thermal reduction
method, involves the calcination of Dolomite to produce MgO and CaO. The MgO is
then combined with powdered ferrosilicon and charged in a retort and heated under
vacuum at approximately 1473K (1200°C) to produce Mg vapor. The Mg vapor is then
condensed to crystals. The Dow process is the electrolysis of Mg. Seawater and
Dolomite are precipitated as magnesium hydroxide, Mg(OH) 2 and subsequently treated
with HCl to yield magnesium chloride, MgCl 2 . The magnesium chloride is then placed
into an electrolysis cell to reduce it to Mg and Cl. There are also efforts to promote and
increase the Mg recycling industry which is increasingly attractive considering the
positive impact on the environment (Zaludova, 2005).

Magnesium has a hexagonal close packed (HCP) crystal structure with a lattice
parameter a=0.320 nm and a c/a ratio of 1.624. Figure 9 is a schematic of the Mg unit
cell.
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Figure 9: Schematic of a hexagonal clos-packed (HCP) unit cell.

Mg has a relatively low melting temperature of 923K (650°C), and consequently Mg
alloys have relatively low melting temperatures as well. Mg alloys have limited room
temperature workability due to the limited number of slip systems available in the HCP
unit cell (Avedesian & Baker, 1999). Primary dislocation slip occurs on the basal (0001)
plane in the 〈112� 0〉 close packed direction. Secondary slip occurs on the prismatic
{101� 0} planes in the 〈112� 0〉 direction. Deformation is accommodated by the formation of

twins at higher strain rates due to the lack of sufficient slip systems at lower strain rates
and ambient temperature. At elevated temperatures, dislocation slip can also occur on
the pyramidal {101� 1} planes in the 〈112� 0〉 direction. For this reason, Mg alloys are

normally hot worked at temperatures above 473K (200°C) (Dow Chemical Company,
1982).
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The most commonly used Mg alloys are currently based on the Mg-Al system with the
AZ and AM series of alloys. The Mg alloy designation scheme is presented in two parts,
the two main alloying elements as two letters and their relative weight percentages with
the element present in the highest amount first. Temper designations for Mg alloys are
similar to those used for Al alloys. Some common commercial Mg alloying component
designations are shown in Table 1. Following this scheme for example, the widely used
AZ91 alloy consists of a nominal 9 wt.% aluminum and 1 wt.% zinc. Occasionally a
letter, A through E, is presented at the end of the alloy designation; this represents the
purity modification. D and E represent higher purity Mg used in the alloying process and
is typically used for improved corrosion resistance.

Table 1: Mg alloy letter designations for some common alloying elements
Letter
A
Z
M
K
W
E
Q

Representative Element
Aluminum
Zinc
Manganese
Zirconium
Yttrium
Rare earths (Nd, Gd, Dy, etc,)
Silver

As mentioned above, the AZ (Aluminum-Zinc) and AM (Aluminum-Manganese) Mg alloy
series are the most commonly used Mg alloys. Some common commercial cast and
wrought Mg alloys are presented in Table 2 with some of their corresponding fabrication
processes and applications.
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Table 2: Some common Mg alloys and their manufacturing processes and applications
Cast alloys
Alloy
AM60A/B

AZ91C/E
AZ91B/D

Wrought Alloys
AZ31B/C
ZK60A
WE43

Application
High-pressure die-casting, excellent ductility in the –F (as
Fabricated) condition
Uses: fans and automobile wheels
General purpose, sand and permanent mold-casting
Uses: aircraft parts, gearboxes, machinery components
General purpose die-casting
Uses: computer parts, automobile parts, sporting goods,
household appliances, cameras
General purpose, moderate strength alloy
Higher strength alloy
Uses: batteries, military components, sporting equipment
Improved high temperature properties and corrosion
resistance
Uses: military applications

Since Mg alloys are mostly worked at elevated temperatures, diffusion of the alloy
constituents plays a major role in the resulting microstructure and properties. Many Mg
alloys are age-hardenable and are available in the –T5 (artificially aged), or –T6
(solutionized then artificially aged) temper conditions. These secondary processes
involve diffusion of the solute elements to form precipitates that can increase the
strength and in some cases, the creep resistance of the alloys. For precipitationhardening to occur successfully, the solute addition needs to have a significant solubility
range in Mg at higher temperatures that drops quickly with decreasing temperature.
Therefore, both primary and secondary processing is critical in determining many
resulting properties.
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2.5.2 Diffusion in magnesium
Mg and its natural compounds are widely studied due to their abundance in mineral
form within the earth’s crust. Diffusion processes and behavior are important in
geological studies as well. Due to this, most of the available diffusion literature with
respect to Mg compounds is of a geological nature. However, since this investigation is
geared towards metallurgical aspects, a review of the available diffusion literature for
Mg in its metallic form only will be presented. In comparison to some other common
metallic elements used in commercial alloys such as iron and nickel, magnesium is
used less frequently for engineering and structural applications. Due to this,
fundamental research, including diffusion research, is somewhat limited for Mg based
systems. The available self-diffusion, some relevant tracer and impurity diffusion, as
well as other relevant diffusion experiments will be discussed.

The self-diffusion of magnesium has been studied experimentally by Shewmon and
Rhines in 99.9% pure polycrystalline Mg (Shewmon & Rhines, Rate of Self-Diffusion in
Polycrystalline Magnesium, 1954), and in 99.9% pure single crystal Mg by Shewmon
(Shewmon, 1956) with the radioisotope
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Mg from 741 to 900K (468 to 627°C).

Combronde and Brebec also studied self-diffusion in 99.99% pure single crystal Mg with
the same radioisotope in the temperature range of 773 to 903K (500 to 630°C)
(Combronde & Brebec, Anisotropie d'autodiffusion du magnesium, 1971). A first
principles based study of the self-diffusion in Mg was completed by Ganeshan et al.
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(Ganeshan, Hector Jr., & Liu, 2010). Table 3 presents a summary of diffusion
parameters reported from these studies. Figure 10 shows a comparison of the
temperature dependence of Mg self-diffusion from these studies. As seen in Figure 10
and Table 3, the experimental results of Shewmon and Combronde and Brebec agree
very well, reporting similar pre-exponential factors and activation energies for selfdiffusion. The first principles based model of self-diffusion in Mg from Ganeshan et al. is
slightly lower in magnitude as well as activation energy than the experimental results.
Also, from Figure 10, it is evident that the anisotropy for diffusion (i.e. different diffusion
rate depending on the direction of the HCP crystal) is quite small.
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Table 3: Summary of self-diffusion parameters, pre-exponential factor, D o , and
activation energy, Q, in magnesium
Do
(10-4 m2/s)

Q
(kJ/mol)

Temperature
range (K)

Method

28

1.0

134

1.0 (|| c axis)

135

741-900

Mg, 99.9% Mg,
polycrystalline,
mechanical
sectioning

28

741-908
1.5 (⊥ c axis)

136

1.78 (|| c axis)

139

1.75 (⊥ c axis)

138

4.9x10-2
(|| c axis)

121

-2

4.5x10
(⊥ c axis)

Mg, 99.9% Mg,
single crystals,
mechanical
sectioning
28

775-906

Mg, 99.99%
Mg, single
crystals,
mechanical
sectioning and
residual activity

300-900

Modeled
first principles

119
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Investigator
(Year)
Shewmon and
Rhines
(Shewmon &
Rhines, Rate
of SelfDiffusion in
Polycrystalline
Magnesium,
1954) (1954)
Shewmon
(Shewmon,
1956)
(1956)
Combronde
and Brebec
(Combronde &
Brebec,
Anisotropie
d'autodiffusion
du magnesium,
1971)
(1971)
Ganeshan et
al. (Ganeshan,
Hector Jr., &
Liu, 2010)
(2010)

Figure 10: Comparison of the self-diffusion coefficient in magnesium.

Table 4 presents a summary of some of the available impurity diffusion studies in
polycrystalline Mg.

Figure 11 is a comparison of some available impurity diffusion

studies in Mg as well as Mg self-diffusion. All of these studies were conducted using
radioactive isotopes of the impurity elements in at least 99.8% pure polycrystalline Mg
and utilizing either the serial sectioning or residual activity method. As seen in Figure
11, the range of impurity diffusivities spans several orders of magnitude. For some of
these impurity elements, diffusion data in Mg single crystals has also been reported,
typically by the same investigators. For a more complete compilation of the available
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impurity and self-diffusion data in Mg, the reader is referred to the review article by S.
Fujikawa (Fujikawa S. , 1992).

Table 4: Diffusion parameters for several impurities in polycrystalline magnesium
Element
Mn

Do
(10-4 m2/s)
0.76

Q
(kJ/mol)
154

Temperature
range (K)
843-903

Zn

0.41

120

740-893

Ag

0.34

119

749-794

Fe

4x10-6

88.8

673-873

Ni

1.2x10-5

95.9

673-873

Ni, 99.9%
Mg, surface
decrease
method

In

5.2x10-2

119

745-883

114

U

1.6x10-5

115

773-893
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Method
54

Mn, 99.9%
Mg, residual
acivitiy
65

Zn, 99.8%
Mg, serial
sectioning
110m
Ag, 99.8%
Mg, serial
sectioning
59
Fe, 99.9%
Mg, residual
activity

63

In, 99.8%
Mg, serial
sectioning
235
U, 99.9%
Mg, residual
activity

Investigator
(Year)
Fujikawa
(Fujikawa S.
, 1992)
(1992)
Lal (Lal,
1967)
(1967)
Lal (Lal,
1967)
(1967)
Pavlinov
(Pavlinov,
Gladyshev,
& Bikov,
1968)
(1968)
Pavlinov
(Pavlinov,
Gladyshev,
& Bikov,
1968)
(1968)
Lal (Lal,
1967)
(1967)
Pavlinov
(Pavlinov,
Gladyshev,
& Bikov,
1968)
(1968)

Figure 11: Comparison of the impurity diffusivities of Ag, Fe, In, Mn, Ni, U and Zn and
self-diffusion in polycrystalline magnesium.

Tracer diffusion studies are more widely available in the literature due to their
fundamental nature and well established experimental procedure and analytical
evaluation. Interdiffusion studies, however, are also commonly conducted. Typically,
diffusion couples are used to study intermetallic phase formation and growth as well as
interdiffusion parameters. Diffusion couples can be used to verify the phase formations,
compositions and temperatures of equilibrium phase diagrams. Diffusion couples are
still being utilized to experimentally determine and/or verify equilibrium phase diagrams
for several Mg binary systems including, Mg-Al, Mg-Y, Mg-RE (RE=Nd, Pr, Dy, Ce)
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(Brubaker & Liu, 2004) (Tanguep Njiokep, Salomon, & Mehrer, 2001) (Funamizu &
Watanabe, 1972) (Zhao, Qin, Ren, Pei, Chen, & Guo, 2010) (Xu, Chumbley, Weigelt, &
Laabs, 2001). Rare earths (RE’s) are of prominent interest due to their added strength
and creep resistance in Mg alloys such as WE43.

The Mg binary system of interest in this study is the Mg-Al system. The Mg-Al binary
system is the most common in commercial Mg alloys and is also common in some
commercial Al alloys as well. The equilibrium phase diagram for the Mg-Al system is
given in Figure 12 (Okamoto, 1998). There are several intermetallic phases present,
namely, β-Mg 2 Al 3 , ε-Al 30 Mg 23 , γ-Al 12 Mg 17 , and the high temperature λ phase. Some
significant solid solubility is exhibited for both elements, more so for Mg in Al than for Al
in Mg. The melting temperatures of Mg (923K) and Al (933K), are very similar. In heat
treatable Mg-Al based alloys, precipitates of the γ-Mg 17 Al 12 phase develop and give
added strength.
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Figure 12: Equilibrium phase diagram for Mg-Al (Okamoto, 1998).

The growth of intermetallic phases in the Mg-Al system was investigated via diffusion
couples by Brubaker and Liu (Brubaker & Liu, 2004) and Tanguep Njokep et al.
(Tanguep Njiokep, Salomon, & Mehrer, 2001). Brubaker and Liu studied the growth of
intermetallic phases in the Mg-Al system in the temperature range of 633 to 693K (360
to 420°C). In the diffusion couples annealed at temperatures between 648K and 693K,
only the β-Mg 2 Al 3 and γ-Mg 17 Al 12 phases were observed. In the diffusion couples
annealed at 633K and 640K, the β-Mg 2 Al 3 , γ-Mg 17 Al 12 and ε-Al 30 Mg 23 phases were
observed. The β-phase was observed to grow much thicker and have higher growth
constants than both the γ and ε phases when present. In the growth study conducted by
Tanguep Njokep et al., the parabolic growth rate dependence was verified for both the β
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and γ phases in the temperature range of 604 to 709K (331 to 436°C). The occurrence
of the ε-phase was not confirmed qualitatively in any of the diffusion couples studied.
Again, it was reported that the β-phase developed a thicker layer and had higher
parabolic growth constants than the γ-phase.

A review of diffusion data for this binary system reveals little reliable data. The first
available calculation of interdiffusion parameters for the Mg-Al system was reported by
Heumann and Kottmann (Heumann & Kottmann, 1953) in which experimental results
from Bungardt (Bungardt, 1937) were utilized. Heumann and Kottmann reported
interdiffusion coefficients for the intermetallic phases, β-Mg 2 Al 3 and γ-Mg 17 Al 12 , and did
not report the observance of the ε-Al 30 Mg 23 . Heumann and Kottmann reported that the
initial interface of the diffusion couple moved toward the magnesium side and was
situated in the γ-Mg 17 Al 12 phase. From this they calculated intrinsic diffusion coefficients
for Al and Mg in the γ-Mg 17 Al 12 at that plane and concluded that Mg diffused more
rapidly than Al. All subsequent interdiffusion investigation in this binary system suggest
opposite conclusions to those provided by Heumann and Kottmann. Funamizu and
Watanabe (Funamizu & Watanabe, 1972) investigated the interdiffusion between Mg
and Al in the temperature range of 598 to 698K (325 to 425°CK). Multiple diffusion
couples were utilized to measure the growth kinetics of the intermetallic phases that
formed. Funamizu and Watanabe reported the presence of the β- Mg 2 Al 3 and γMg 17 Al 12 intermetallic phases only, noting that the ε-Al 30 Mg 23 phase was not observed.
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The growth rates for both phases were reported to follow parabolic growth behavior (Eq.
2) in the temperature range investigated. It was reported that the activation energy for
growth was smaller for the β-phase than for the γ-phase. Interdiffusion coefficients were
determined for both intermetallic phases using two different methods, discussed further
in Chapter 5.1.3. Funamizu and Watanabe reported that interdiffusion in the β-phase
was faster than in the γ-phase. In some diffusion couples, the researchers employed
inert alumina (Al 2 O 3 ) markers to study intrinsic diffusivity. The marker plane was
reported to shift towards the Al side of the diffusion couple and was located in the βphase near the Al/β interface, contrary to what Heumann and Kottman reported.
Funamizu and Watanabe noted that in the original experiments conducted by Bungardt,
inert markers were not used and the researchers could have mistaken some crack-like
lines present in the couple as a marker plane. Funamizu and Watanabe concluded that
Al intrinsically diffuses faster than Mg in the β-phase at the marker plane location. Due
to the lack of consistent interdiffusion and intrinsic diffusion data, as well as the
composition dependence of interdiffusion, further investigation of the diffusion behavior
of the Mg-Al binary system is needed.
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3 RESEARCH METHODOLOGY

3.1

Experimental procedure

3.1.1 Interdiffusion experiments
The solid-to-solid diffusion couple technique was employed to study interdiffusion
between Mg and Al. Polycrystalline Mg (99.9%) and Al (99.999%) from SCI Engineered
Materials, Inc.™ and Alfa Aesar®, respectively, were sectioned into discs, 10 mm in
diameter and 2 mm in thickness. These polycrystalline metals typically had grain sizes
ranging from 30 to 60 µm. For the assembly of diffusion couples, the disc specimens
were metallographically prepared, starting with 600 grit silicon carbide (SiC) paper and
finishing with a 1 µm alumina (Al 2 O 3 ) suspension. A non-oxidizing lubricant (ethanol or
oil-based) was used at each stage of preparation for both Mg and Al. Any contact with
water was eliminated for the entire preparation process to minimize oxidation effects.
The Mg vs. Al diffusion couples were then assembled with 2 mm-thick inert, alumina
spacers in stainless steel jigs as schematically illustrated in Figure 13.
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Figure 13: Schematic of the diffusion couple stainless steel jig assembly with the two
disk specimens placed between inert alumina spacer disks.

The diffusion couple jig assemblies were placed in quartz capsules that were repeatedly
evacuated to ~10-4 Pa (10-6 Torr) with hydrogen and ultra-high purity argon flushes
between each evacuation. Before the final seal, the capsule was backfilled with a
mixture of ultra-high purity argon and hydrogen (<10%) to a pressure that would be
slightly greater than ~ 105 Pa (1 atm) at the temperature of the respective anneal. Each
quartz capsule was placed in a Paragon Bluebird™ furnace, preheated to the annealing
temperature. The temperature of each diffusion couple was monitored with an
independent type-K thermocouple for the duration of each anneal. Three diffusion
couples were assembled and annealed at 573K, 623K and 673K (300, 350, 400°C) for
720, 360, and 240 hours, respectively.

The quartz capsule was quenched in water at room temperature after the diffusion
anneal. The entire diffusion couple assembly including the stainless steel jig was
mounted in epoxy and cross-sectioned using a Buehler IsoMet™ saw with a low-speed
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diamond wafering blade and an oil-based lubricant. The cross-sectioned specimens
were then metallographically prepared, again using a non-oxidizing lubricant, for OM
and SEM. Each diffusion couple was examined using OM first to check the quality of the
diffusion bond, then using SEM (Hitachi™ S-3500N) equipped with XEDS to determine
the constituent phases. The native oxides of Mg and Al, initially present at the surface of
the disc samples, served as the marker in these diffusion couples.

Electron microprobe analysis, EPMA (JEOL™ Superprobe 733) was employed to
determine the concentration profiles for each couple at 20kV, utilizing a point-to-point
scan with a 5 µm step size. The pure metals, Mg (99.9%) and Al (99.999%) at the
terminal ends of the couple were used as the calibration standards. A ZAF correction
was employed for converting the X-ray intensity to the concentration. The concentration
profiles obtained from EPMA for each phase were curve fit using piece-wise continuous
polynomial functions, up to the 3rd order. The fitted concentration profiles were then
used for analysis. The molar volumes of Mg, γ-Mg 17 Al 12 (PDF# 01-073-1148), β-Mg 2 Al 3
(PDF# 00-029-0048), and Al were estimated to be 14 cm3/mol, 12.2 cm3/mol, 11.6
cm3/mol, and 10 cm3/mol, respectively. A molar volume correction was applied to
account for the difference in molar volume between phases, but the variation in molar
volume within each phase (i.e., concentration-dependent) was assumed negligible.
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3.1.2 Mg Self-diffusion
A Mg self-diffusion study was conducted using the stable isotope, 25Mg in polycrystalline
Mg via the tracer method. Diffusion anneals were carried out at 523, 573, 623, and
673K (250, 300, 350, 400°C) for 12, 4, 1, and 0.5 hours, respectively. Penetration
profiles were obtained by depth profiling with secondary ion mass spectrometry (SIMS).
These depth profiles, along with the thin film solution to the diffusion equation, were
employed to extract the self-diffusion coefficients of Mg.

SIMS utilizes a primary ion beam, instead of an electron beam as in EPMA described
above, that sputters layers of atoms on the specimen surface. Some of the sputter
ejected atoms are ionized and filtered through a mass detector and counted as a
function of time. A profilometer is used to measure the depth of the sputtered crater. A
sputter rate is determined in conjunction with this measured depth and the sputtering
time for the penetration profile to determine the depth. This depth profile is then used for
diffusion analysis. For further details, the analysis of self-diffusion and impurity diffusion
from SIMS depth profiles has been reviewed by Petuskey (Petuskey, 1983).

Magnesium occurs naturally in mainly three stable isotopes,
with
the

24

Mg,

25

Mg, and

26

Mg,

24

Mg in the highest abundance. To accurately measure the penetration profiles of

25

Mg film into the Mg substrate, isotopic ratio measurements as a function of depth

are preferred rather than the absolute abundance to minimize instrument variability.
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Isotopic ratios of the minor isotopes (25Mg and

26

Mg) to the major isotope (24Mg) were

measured via depth profiling using a Cameca IMS 3f SIMS. An O2+ primary ion beam
source at 10kV (5.5kV on the sample) and a 60 μm detection area were used. These
isotope ratios are shown in Table 5 and were in agreement with standard reference data
from NIST.

Table 5: Isotope ratios determined from SIMS depth profiling for the pure Mg substrate
and 25Mg enriched isotope target.
25

Reference value
Mg substrate
25
Mg enriched target

Mg/24Mg
ratio (SD)
0.127
0.129 (<0.001)
50.8

26

Mg/24Mg
ratio (SD)
0.139
0.138 (<0.001)
0.139

Disk specimens, 7.5mm in diameter and 2mm thick, were prepared from a rod of 99.9%
pure Mg from Alfa Aesar® as the substrates. These Mg substrates were
metallographically polished starting with 600 grit SiC paper down to 0.02 μm using a
colloidal silica solution. In each polishing step, a non-oxidizing lubricant, either oil or
ethanol based, was utilized to minimize oxidation of the substrate. Any contact with
water was eliminated during the preparation process. The Mg substrates had a grain
size ranging from 30-60 μm.
The isotopic sputtering target of 25Mg was obtained from Oak Ridge National Laboratory
and had an enrichment percentage of 97.87% of the isotope

25

Mg. The Mg substrates

were RF plasma etched in situ prior to deposition to remove the native oxide layer. A
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thin film, approximately 100 nm in thickness, of the

25

Mg isotope was deposited via DC

magnetron sputtering in an Ultra High Vacuum deposition system designed for highly
reactive materials like Mg to ensure the film did not oxidize during deposition. The
depositions were performed in ~5 mTorr of Ar (99.9999%) after a deposition chamber
pressure around 10-8 Torr was obtained.

After deposition of the 25Mg diffusant, the thin film samples were encapsulated in quartz
capsules. Prior to sealing the capsules, three hydrogen and ultra-high purity argon
flushes were performed in between evacuations down to ~10-4 Pa (10-6 Torr). The
capsule was then evacuated to ~10-4 Pa and backfilled with and ultra-high purity Ar and
H (<10%) mix to a pressure that would provide slightly higher than 105 Pa (1 atm) at the
annealing temperature. The encapsulated specimens where then placed in a preheated
furnace (same as above) and annealed at the designated temperature and time. The
temperature of the specimen was monitored independently with a type-K thermocouple
for the annealing duration. After annealing, the capsules were quenched in water at
room temperature. SIMS depth profiles were obtained using a Cameca IMS 7f from
each sample using an O2+ ion beam, an accelerating voltage of 10 kV, a 200 μm raster
area, and a 60 μm detection area. These depth profiles were then employed for further
analysis to calculate the Mg self-diffusion coefficient.
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3.1.3 Al impurity diffusion in Mg
The thin film technique and SIMS depth profiling were also employed to investigate the
impurity diffusion of pure Al in polycrystalline, 99.9% pure Mg. Several thin film samples
were annealed at 573, 623, and 673K (300, 350, 400°C) for 2, 0.5 and 0.5 hours,
respectively. Secondary Ion Mass Spectrometry (SIMS) was again, employed to obtain
penetration profiles. Pure Mg disk specimens, 10 mm in diameter and 2 mm in
thickness, were prepared from a Mg rod from SCI Engineered Materials, Inc.TM. These
substrates were metallographically prepared similarly to the method above for the selfdiffusion specimens.

The prepared Mg substrates were RF plasma etched in situ prior to deposition to
remove the native oxide layer. An Al film approximately 500 nm thick was deposited by
DC magnetron sputtering under ~4 mTorr of Ar (99.9999%) after a deposition chamber
pressure of approximately 1x10-7 Torr was obtained. These thin film specimens were
then encapsulated and annealed in the same manner as the self-diffusion specimens.
SIMS depth profiles were obtained for the analysis of Al impurity diffusion in Mg using a
Cameca IMS 3f with an O2+ primary ion beam source at 10 kV, a 150 μm raster area,
and a 30 μm detection area.
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3.2

Analytical framework

3.2.1 Intermetallic phase layer growth
For diffusion-controlled growth of a phase with a semi-infinite boundary condition,
thickness of the growing phase after time t, of annealing can be described by (Philibert,
1991)

kp =

𝑥2

(20)

2t

where x is the thickness of the layer and k p is the parabolic growth constant. Typically,
the temperature dependence of the parabolic growth rate constant follows the Arrhenius
relation

−Q

k p = k o exp � RTk �

(21)

where R (J/mol-K) is the ideal gas constant, Q k is the activation energy (J/mol), and T is
the annealing temperature in Kelvin.

In this study, the growth of β-Mg 2 Al 3 and γ-

Mg 17 Al 12 intermetallic phases are assumed to be diffusion controlled for initial analysis
based on previous experimental results (Funamizu & Watanabe, 1972) (Tanguep
Njiokep, Salomon, & Mehrer, 2001).
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3.2.2

Interdiffusion and Intrinsic Diffusion

The Boltzmann-Matano method (Chapter 2.4.1) (Boltzmann, 1894) (Matano, 1933) was
employed to determine the interdiffusion fluxes of individual components and the
interdiffusion coefficients as a function of concentration. The location of the Matano
plane, x o , was found by numerical integration of the concentration profile to satisfy

C−∞

Co

i
xdCi + ∫Coi
∫C+∞
i

i

xdCi = 0 (i=Mg or Al)

(22)

where x is the distance, 𝐶𝑖𝑜 is the concentration of component i at the Matano plane,
𝐶𝑖+∞ and 𝐶𝑖−∞ are the concentrations of component i

at the terminal ends.

The

interdiffusion flux, 𝐽�𝚤 for each component was calculated using the relation (Dayananda

& Kim, 1979)

1 Ci
(x − xo ) dCi
J�ı = 2t ∫C+∞

(23)

i

Combining Eq. (23) and Fick’s first law yields the relation
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�i =
D

1 Ci
(x−xo )dCi
∫
2t Ci±∞
∂Ci
∂x

(i = 1,2,3, … , n)

(24)

Concentration-dependent interdiffusion coefficients were calculated for each phase
using Eq. (24).

� int
The integrated interdiffusion coefficient, D
i,∆x , is a material constant given by
(Dayananada, 1993) (Dayananda, 1996)

x2
�
� int
D
i,∆x = ∫x Jı dx
1

(i=1, 2,…n)

(25)

where x 2 is greater than x 1 for positive fluxes and x 2 is smaller than x 1 for negative
fluxes. Integrated interdiffusion coefficients were calculated for each intermetallic phase
� int
observed. D
i,∆x for a material system is the same irrespective of the end member
compositions. The activation energy for the integrated interdiffusion coefficients can be
compared to the activation energy for growth of the intermetallic phases to identify the
influence of the end member compositions on the growth rates of the intermetallic
phases.
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Average effective interdiffusion coefficients for each phase were also determined using
the relation (Dayananada, 1993)

x2

∫ J dx

 eff = x1
D
i

i

ΔC

(i=1,2,3,...,n)

26)

where x 1 and x 2 refer to the end positions of a relevant phase.

The intrinsic diffusion coefficients for component i were calculated based on
accumulated intrinsic fluxes determined from the location of the marker plane, x m , via
Heumann’s method (Heumann, 1952). The accumulated intrinsic flux, A i, is defined by

t

t

Ai = ∫0 Ji dt = − ∫0 Di

∂Ci
∂x

dt (i=Mg or Al)

(27)

Determination of the accumulated intrinsic diffusion flux for component i allows for the
calculation of the intrinsic diffusion coefficients at the marker plane using the relation
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Di = −

Ai
(i = Mg or Al)
 ∂C i 
2t 

 ∂x  x m

(28)

Following the determination of the interdiffusion and intrinsic diffusion coefficients, the
pre-exponential factor, D o and the activation energy, Q i , were found using the Arrhenius
expression (Eq. (19)).

3.2.3 Impurity and self-diffusion
Self-diffusion and impurity diffusion experiments from thin film samples can be analyzed
in one direction, with respect to time. The thin film geometry provides an instantaneous
planar source initial condition requiring that at time t=0, the diffusion species is
deposited on the plane, x=0, and allowed to diffuse for a time t>0 and is given by

C(x, 0) = Mδ(x)

(29)

where M is the number of particles diffusing per unit area and δ(x) is the Dirac delta
function. A solution to the diffusion equation, or Fick’s second law (Eq. (4)) for constant
diffusivity for the given specimen geometry is given by the Gaussian solution
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C(x, t) =

M

√πDt

x2

exp �− 4Dt�

(30)

where C is the concentration, D is the diffusion coefficient and t is the time. To extract
the diffusion coefficient, manipulation of the SIMS depth profile obtained is performed. A
plot of the natural log of concentration (fraction of isotope) versus the square of the
distance is made. This plot results in a straight line with the slope equal to -1/4Dt, as
seen in Figure 14, from which, with a known t, the diffusion coefficient, D, can be
calculated. This approach is known as the tracer method.

Figure 14: Schematic illustration of the tracer method using SIMS depth profiling.
Initially, a thin layer of diffusant is deposited on the substrate; the specimen is then
annealed and depth profiled with SIMS. The data is then plotted in the coordinates
shown in the graph and the diffusion coefficient, D, is found from the slope and
annealing time.
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4 RESULTS

4.1

Interdiffusion analysis: Magnesium-Aluminum system

4.1.1 Diffusion microstructures and intermetallic phase layer growth
Backscatter electron micrographs from the three diffusion couples and the
corresponding concentration profiles determined by EPMA are presented in Figure 15.
Two discernable intermetallic layers were observed, identified as the intermetallic
phases, γ-Mg 17 Al 12 (near the Mg) and β-Mg 2 Al 3 (near the Al) based on analysis by
XEDS and the phase diagram (Okamoto, 1998) in Figure 12. In all diffusion couples the
ε-Mg 23 Al 30 phase, present on the phase diagram between the β- and γ-phase fields,
was not observed. A large solubility range for the γ-Mg 17 Al 12 phase was observed in all
couples in accordance with the phase diagram. The β-phase was thicker than the γphase at all temperatures examined. This result agrees well with those reported by
Brubaker and Liu (Brubaker & Liu, 2004), Funamizu and Watanabe (Funamizu &
Watanabe, 1972) and Tanguep Njiokep et al. (Tanguep Njiokep, Salomon, & Mehrer,
2001).
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Figure 15: Backscatter electron micrographs of Mg vs. Al diffusion couples at (a) 573K
for 30 days, (b) 623K for 15 days, and (c) 673K for 10 days, and electron microprobe
concentration profiles at (d) 573K for 30 days, (e) 623K for 15 days, and (f) 673K for
10days.
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A minimum of 15 random-location measurements were made to determine the
thickness of each intermetallic layer from backscatter electron micrographs using image
analysis. Parabolic growth constants for both the β-Mg 2 Al 3 and γ-Mg 17 Al 12 intermetallic
phases were determined using Eq. (20) due to previous investigators (Funamizu &
Watanabe, 1972) (Tanguep Njiokep, Salomon, & Mehrer, 2001) reporting the growth of
both intermetallic phases as parabolic in the temperature range studied. The
intermetallic phase layer thicknesses and parabolic growth constants are reported in
Table 6. The β-phase, with limited solubility, grew faster than the γ-phase with larger
solubility. The Arrhenius temperature dependence of the growth rate constant, k p , for
both intermetallic phases is presented in Figure 16. Table 6 also reports the activation
energy and pre-exponential factor for the growth of the γ-Mg 17 Al 12 and β-Mg 2 Al 3
phases calculated using Eq. (21). Activation energies reported by Funamizu and
Watanabe (Funamizu & Watanabe, 1972) and Tanguep Njiokep et al. (Tanguep
Njiokep, Salomon, & Mehrer, 2001) are given for comparison. The activation energy
calculated for growth of the β-phase is slightly higher than those reported by Funamizu
and Watanabe and Tanguep Njiokep et al. The activation energy for the growth of γphase is slightly higher than the value reported by Funamizu and Watanabe but, agrees
well to the value reported by Tanguep Njiokep et al.
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Table 6: Thickness measurements from SEM and EPMA comparison, parabolic growth
constants, pre-exponential factors and activation energies for growth.

x (μm)

673K/10 days
623K/15 days
573K/30 days

γ-Mg 17 Al 12
226 (2)
77 (6)
29 (2)

β-Mg 2 Al 3
595 (3)
481 (5)
273 (2)

k p (m2/s)

673K/10 days
623K/15 days
573K/30 days

2.9x10-14
2.3x10-15
1.7x10-16

2.1x10-13
8.9x10-14
1.4x10-14

k o (m2/s)

0.18
165.0 (This study)
143.1 (Funamizu &
Watanabe, 1972)
Q k (kJ/mol)
165.0 (Tanguep
Njiokep, Salomon,
& Mehrer, 2001)
Note: Values in parenthesis are standard deviation
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1.1x10-6
85.5 (This study)
62.3 (Funamizu &
Watanabe, 1972)
69.0 (Tanguep
Njiokep, Salomon,
& Mehrer, 2001)

Figure 16: Temperature-dependence of the parabolic growth constants for the γMg 17 Al 12 and β-Mg 2 Al 3 phases determined from layer thickness measurements after
diffusion annealing.

The Kirkendall marker plane, x m , is clearly demarcated in Figure 15, in the β-phase near
the β/Al (ss) interface. The location of the marker plane was confirmed by extensive
XEDS analysis, where the presence of oxygen was confirmed qualitatively. The location
of the marker plane is the same as those reported by Funamizu and Watanabe
(Funamizu & Watanabe, 1972) and by Tanguep Njiokep et al (Tanguep Njiokep,
Salomon, & Mehrer, 2001).
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4.1.2 Interdiffusion and intrinsic diffusion analysis
Concentration-dependent

interdiffusion

coefficients

were

calculated

using

the

Boltzmann-Matano method, described by Eqs. (22) through (24), for the Mg-solid
solution, Al-solid solution, γ-Mg 17 Al 12 , and β-Mg 2 Al 3 phases from all three diffusion
couples. Figure 17 presents the concentration-dependent interdiffusion coefficients as a
function of Mg concentration determined in this study. Interdiffusion coefficients of the βphase are an order of magnitude higher than those of the γ-phase, which are an order
of magnitude higher than those of the Mg (ss) and Al (ss). As seen from Figure 17, the
variation in interdiffusion coefficients as a function of concentration is negligible for the
β-Mg 2 Al 3 phase, while there is a slight decrease in interdiffusion coefficient with an
increase in Mg concentration in the γ-Mg 17 Al 12 phase. In both the Al (ss) and Mg (ss),
interdiffusion coefficients increased with an increase in their respective alloying
additions.
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Figure 17: Interdiffusion coefficients as a function of Mg concentration for the Al solid
solution, β-Mg 2 Al 3 phase, γ-Mg 17 Al 12 phase and Mg solid solution.

𝑖𝑛𝑡
�𝑖,∆𝑥
, was calculated using Eq. (25) for the Al
The integrated interdiffusion coefficient, 𝐷

solid solution, the β- and γ-phases and the Mg solid solution for each diffusion couple as
presented in Table 7. The pre-exponential factor and activation energy for the integrated
interdiffusion coefficients were calculated and are shown in Figure 18. The Mg solid

solution had the highest activation energy, followed by the γ-Mg 17 Al 12 phase, the Al
solid solution, and lastly, the β-Mg 2 Al 3 phase. These integrated interdiffusion
coefficients are material properties and will be the same, irrespective of the starting end
member compositions of the diffusion couple.
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Table 7: Integrated interdiffusion coefficients for the Mg solid solution, γ-Mg 17 Al 12 phase,
β-Mg 2 Al 3 phase, and the Al solid solution.
2
� int
Integrated Interdiffusion Coefficients, D
i,∆x (m /s)

Temperature

Mg (ss)

γ-Mg 17 Al 12

β-Mg 2 Al 3

Al (ss)

673K

4.3x10-16

2.0x10-14

5.6x10-14

2.5x10-16

623K

8.0x10-18

1.7x10-15

1.8x10-14

2.4x10-17

573K

5.3x10-19

2.0x10-16

2.9x10-15

2.6x10-18

Figure 18: Temperature-dependence of integrated interdiffusion coefficients for the Al
solid solution, β-Mg 2 Al 3 phase, γ-Mg 17 Al 12 phase, and the Mg solid solution.

Average effective interdiffusion coefficients were determined using Eq. (26) to calculate
the activation energy and pre-exponential factor for interdiffusion in each phase. The
activation

energies

for

interdiffusion

were

calculated

from

average

effective

interdiffusion coefficients because the concentration difference obtained from the EPMA
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profiles were reliable enough to use. Average effective interdiffusion coefficients are
reported in Table 8. Figure 19 presents the average effective interdiffusion coefficients
for each phase as a function of temperature. The pre-exponential factors and activation
energies for interdiffusion coefficients are reported in Table 9. The activation energy for
the interdiffusion coefficient in the β-Mg 2 Al 3 phase is smaller than that of γ-Mg 17 Al 12 , Al
(ss) and Mg (ss) phases. Also noted is the greater activation energy for interdiffusion of
Al in Mg (ss) than Mg in Al (ss).

Table 8: Average effective interdiffusion coefficients for the Mg solid solution, γMg 17 Al 12 , β-Mg 2 Al 3 and Al solid solution phases.

Temperature
673K
623K
573K

2
� eff
Average Effective Interdiffusion Coefficients, D
i (m /s)
Mg (ss)
γ-Mg 17 Al 12
β-Mg 2 Al 3
Al (ss)

4.9x10-15
2.3x10-16
1.4x10-17

1.3x10-13
2.2x10-14
2.8x10-15
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2.4x10-12
7.5x10-13
1.8x10-13

1.9x10-14
3.3x10-15
7.1x10-16

Figure 19: Temperature dependence of the average effective interdiffusion coefficients
for the Mg solid solution, γ-Mg 17 Al 12 phase, β-Mg 2 Al 3 phase, and the Al solid solution.

Table 9: Activation energies and pre-exponential factors for average effective
interdiffusion coefficients for the Mg solid solution, γ-Mg 17 Al 12 phase, β-Mg 2 Al 3 phase,
and the Al solid solution.
Q (kJ/mol)
D o (m2/s)

Mg (ss)
187.1
1.45

γ-Mg 17 Al 12
123.1
4.6x10-4

β-Mg 2 Al 3
83.1
6.8x10-6

Al (ss)
104.8
2.5x10-6

The location of the Kirkendall marker plane, x m , was clearly identified in the β-Mg 2 Al 3
phase in all three diffusion couples, as presented in Figure 15. The concentration
gradient at the marker plane, reported in Table 10, was reliable enough to calculate the
intrinsic diffusion coefficients of Mg and Al in the β-Mg 2 Al 3 phase based on Heumann’s
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analysis (Heumann, 1952) described by Eqs. (27) and (28). The intrinsic diffusion of Al
in the β-phase is clearly much faster than Mg as seen in Table 10. The temperaturedependence of the intrinsic diffusion coefficients for Mg and Al in the β-Mg 2 Al 3 phase at
the marker composition of Mg-62 at.% Al is presented in Figure 20.

The pre-

exponential factor and activation energy for the intrinsic diffusion coefficient of Mg and
Al in the β-Mg 2 Al 3 phase at the specified composition is also given in Figure 20.

Table 10: Intrinsic Diffusion Coefficients for Mg and Al at the approximate marker plane
composition of Mg-62 at.% Al in the β-Mg 2 Al 3 phase.
Concentration Gradient
∂ CMg ∂ x 
x

Temperature

Concentration
(at.% Mg)

673K

38.2

7.9x107

Intrinsic Diffusion
Coefficients, D i (m2/s)
D Mg
D Al
1.9x10-14
2.9x10-13

623K
573K

37.5
38.0

1.1x108
2.6x108

3.9x10-15
8.4x10-16

m

(mol/m4)
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8.8x10-14
8.9x10-15

Figure 20: Temperature-dependence of the intrinsic diffusion coefficients of Al and Mg
at the marker plane composition of Mg-62 at.% Al in the β-Mg 2 Al 3 phase.

4.2

Self- and impurity diffusion analysis

4.2.1 Aluminum impurity diffusion in polycrystalline magnesium
An Al film approximately 500nm thick was deposited on seven (7) Mg substrates under
the conditions provided in Chapter 3.1.3. One as-deposited specimen was utilized to
verify the film thickness. The as-deposited sample was depth profiled with the SIMS,
presented in Figure 21, and confirms the thickness of the Al film to be around 500 nm.
Two samples each were annealed at 573, 623, and 673K (300, 350 and 400°C) for 120,
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30 and 30 minutes, respectively. Up to three spots on each sample were depth profiled
with SIMS to certify reproducibility in the same sample as well as between samples.

Figure 21: SIMS depth profile of the as-deposited Al thin film on a Mg substrate.

A typical depth profile at each temperature is presented in Figure 22. As evident in
Figure 22, the penetration depth increases dramatically from 573 to 673K. The dilute
end (~<102 SIMS intensity of Al) of each profile was plotted in the natural logarithm of
SIMS intensity versus the square of the penetration depth. The actual concentration at
this dilute level can be assumed to vary linearly with SIMS intensity and therefore, the
SIMS intensity can be used directly to calculate the Al impurity diffusion coefficient
(Petuskey, 1983). Figure 22 also presents the natural logarithm of the fraction of Al
versus the square of the penetration depth for the depth profiles. The good linear fit
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exhibited by these profiles is verification that the application of the Gaussian thin film
solution is appropriate.

Table 11 reports the Al impurity diffusion coefficients for each spot on each sample as
well as the average diffusion coefficient for each temperature. From these average
values, the pre-exponential factor and activation energy were calculated as presented in
Figure 23.

Table 11: Al impurity diffusion coefficients in Mg.
Sample

Al impurity diffusion coefficient in Mg,

573K/120 minutes
3_1
2.53x10-17
3_2
2.94x10-17
3_3
2.14x10-17
4_1
2.81x10-17
4_2
2.96x10-17
623K/30 minutes
1_3
6.10x10-16
2_2
4.60x10-16
673K/30 minutes
2_1
3.59x10-15
2_2
4.01x10-15
3_1
2.18x10-15
Note: Values in parenthesis are standard deviation.
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Mg
DAl

2

(m /s)

Average
Mg
DAl
(m2/s)
2.7x10-17
(3.4x10-18)

5.3x10-16
(1.0x10-16)
3.3x10-15
(9.6x10-16)

Figure 22: Typical SIMS depth profiles and Gaussian profile fits for (a) 573K for 120
minutes, (b) 623K for 30 minutes, and (c) 673K for 30 minutes.
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Figure 23: Temperature-dependence of Al impurity diffusion in polycrystalline Mg
measured from SIMS depth profiles.

4.2.2 Self-diffusion of the stable isotope 25Mg in polycrystalline magnesium
A thin film, approximately 100nm, of

25

Mg was deposited on five (5) polycrystalline Mg

substrates under the conditions described in Chapter 3.1.2. One as-deposited specimen
was depth profiled with SIMS to verify the

25

Mg film thickness as shown in Figure 24.

One SIMS spot on each sample was profiled as well as a total of five spots on the 623K
sample to verify consistency in obtaining the diffusion coefficient. There was a 10%
uncertainty attributed with calculating the diffusion coefficient between the 5 spots.
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Figure 24: As-deposited SIMS depth profile for 25Mg film on polycrystalline Mg
substrate.

The depth profiles for each specimen are shown in Figure 25 with their corresponding
Ln(25Mg/24Mg) vs. x2 plots. The calculated self-diffusion coefficients are reported in
Table 12. The temperature-dependence of the calculated self-diffusion coefficients are
presented in Figure 26 along with reported literature values of Mg self-diffusion. The
pre-exponential factor and activation energy for self-diffusion are also given in Figure
26. It is evident that the presently calculated values are higher in magnitude than the
literature values. The possible reasons for this discrepancy will be discussed in Chapter
5.2.2.
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Figure 25: SIMS depth profiles and Gaussian fit profiles for Mg self-diffusion at a) 673K
30 minutes, (b) 623K 60 minutes, (c) 573K for 240 minutes, and (d) 523K for 720
minutes.
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Table 12: Calculated Mg self-diffusion coefficients in polycrystalline Mg from SIMS
depth profiles.
D self (m2/s)
9.13x10-14
1.19x10-14
4.00x10-15
7.53x10-16

Specimen
673K/30 min.
623K/60 min.
573K/240 min.
523K/720 min.

Figure 26: Temperature-dependence of Mg self-diffusion from this study and reported
literature values.
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5 DISCUSSION

5.1

Interdiffusion analysis: Magnesium-Aluminum system
5.1.1 Diffusion microstructural features

There are still existing discrepancies regarding the equilibrium phase diagram for the
binary Mg-Al system in the composition range of 40-60 at.% Al and the temperature
range above 250°C, especially regarding the ε-phase field, which is located in between
the β-and γ-phase fields. In the diffusion microstructures examined in this study, the εphase was not observed. A diffusion study of the Mg-Al system by Brubaker and Liu
(Brubaker & Liu, 2004) in the temperature range of 633 to 693K reported the existence
of a thin layer of the ε-phase in diffusion couples annealed at 640K and 633K. In
contrast, an earlier investigation of the system in the temperature range of 598K to
698K by Funamizu and Watanabe (Funamizu & Watanabe, 1972) reported that the εphase did not develop in any of their diffusion couples. In the study by Tanguep Njiokep
et al. (Tanguep Njiokep, Salomon, & Mehrer, 2001), it was stated that some diffusion
couples developed a very thin layer of the ε-phase observed by optical microscopy but
was not verified. The absence of the ε-phase may be explained from a framework that
considers solubility range, diffusion coefficients, and thermodynamics (Gibbs, 1966)
(Kajihara, 2004) (Kidson, 1961) (Pretorius, Marais, & Theron, 1993).The ε-phase has a
narrow range of solubility (1.3 at. %) (Brubaker & Liu, 2004) (Okamoto, 1998), and may
be thermodynamically and kinetically unfavorable to nucleate and/or grow relative to the
β- and γ-phases. The melting temperature of the ε-phase is lower than its surrounding
74

phases (β and γ). It is evident as well, from Table 8 and Figure 19, that the β-and γphases have high diffusivities, possibly much higher than that of the ε-phase, therefore
making intermixing of the system by the nucleation and growth of this phase
unfavorable.

Figure 15 shows representative microstructures of each of the diffusion couples in this
study. The porosity on the Mg side of the couples may be due to the intrinsic diffusion
behavior of Mg and Al. The Mg in the Mg (ss) may migrate faster into the adjoining γphase than Al is released from the γ-phase into the Mg (ss). The porosity was most
evident in the couple annealed at 673K (400°C), and the interdiffusion coefficients in the
Mg (ss) phase varies greatly with temperature as shown in Figure 17. However, the
marker plane was not located in the Mg (ss) in this study, warranting further
investigation of intrinsic diffusion within the Mg (ss).

5.1.2 Intermetallic phase layer growth
The activation energy for growth determined from the thickness measurements for the
β-phase is markedly lower than that for the γ-phase as reported in Table 6. This
difference in growth activation energies is consistent with the trend reported by
Funamizu and Watanabe (Funamizu & Watanabe, 1972), Tanguep Njiokep (Tanguep
Njiokep, Salomon, & Mehrer, 2001). Analysis of the concentration profiles has also
demonstrated that the β-phase has the higher interdiffusion coefficients and the lower
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activation energy for interdiffusion, although its solubility range is smaller than the γphase. In other words, the γ-phase has the larger solubility, but with lower interdiffusion
coefficients and higher activation energy, it has developed a much thinner layer as
shown by the micrographs in Figure 15.

Activation energies determined from the growth constants using Eqs. (20) and (21) can
be compared to those determined from the integrated interdiffusion coefficients from
Eqs. (23) and (25) and the average effective interdiffusion coefficients using Eqs. (23)
and (26). These values are reported in Table 6 and Table 9 and Figure 18. For the fast
growing β-phase, these three values have an average value of 88.1± 6.7kJ/mole,
indicating the growth of the phase is predominately diffusion controlled. However, for
the slower-growing γ-phase, activation energy for growth based on thickness
measurements is ~165 kJ/mole, while that for integrated interdiffusion is 147kJ/mole
and only ~123 kJ/mole for the average effective interdiffusion. This difference indicates
that the growth of γ-phase may not be purely diffusion-controlled and may not follow the
assumed parabolic rate, even though previous studies ( (Funamizu & Watanabe, 1972)
(Tanguep Njiokep, Salomon, & Mehrer, 2001)) observed the √t dependence. This

difference between activation energies may also arise from the temperaturedependence of the homogeneity range of the γ-phase which is much wider at higher
temperatures.
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It has been suggested that the rate of intermetallic phase growth depends on the
terminal compositions (e.g., impurity level) and the number of phases that form in the
diffusion couple (Wagner, 1969) (Dybkov, 2002). In this study, high purity Mg (99.9%)
and Al (99.999%) were employed and all diffusion couples developed well-defined
thermodynamically-constrained planar interfaces between each phase. The integrated
interdiffusion coefficients calculated are a property of the material and will be the same
regardless of the end member compositions (Dybkov, 2002) (Wagner, 1969).

5.1.3 Interdiffusion and intrinsic diffusion
Interdiffusion coefficients in the β-phase remained relatively constant as a function of
concentration and decreased slightly with an increase in Mg concentration in the γphase as presented in Figure 17. Interdiffusion coefficients for both terminal solid
solutions increased with an increase in alloying concentration. Activation energies were
also determined based on average effective interdiffusion coefficients for the two
terminal solutions, e.g., Mg interdiffusion in Al (ss) and Al interdiffusion in Mg (ss). Al
interdiffusion in Mg (ss) requires markedly higher activation energy than Mg
interdiffusion in Al (ss) as reported in Table 9. The solubility limits of both terminal solid
solutions as well as the sizes of both Mg and Al atoms may possibly contribute to the
observed difference in activation energies. Al has at most, 18.6 at% solubility for Mg
while Mg has 11.5 at% solubility for Al.
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From binary diffusion theory, it is somewhat common to observe the element with the
lower melting temperature to diffuse faster. Mg and Al have very close melting
temperatures, 923K and 933K, respectively. It is evident, however, from the diffusion
microstructures and marker plane location that Al migrates faster in this binary system.
Interdiffusion coefficients in the β-phase, presented in Table 8, are higher than those in
the γ-phase. The β- and γ-phases both have cubic crystal structures, however, the βphase has a very large, complex cubic structure (Pearson symbol cF1168) (Samson,
1965) while the γ-phase has a smaller cubic structure (Pearson symbol cI58) (Okamoto,
1998). The larger size of the β-phase may develop a higher concentration of defects
and thus have a correspondingly larger diffusivity. The structural defect in the β-phase
has not been clarified, however, from Samson’s study of the β-Mg 2 Al 3 crystal structure,
the number of atoms per unit cell changes from 1165 at 36.23 wt.% to 1178 at 37.83
wt.% Mg. This difference in the number of atoms per unit cell with a deviation in the
stoichiometric composition suggests a possible vacancy type defect. According to
Samson, the β-Mg 2 Al 3 structure exhibits a high amount of inherent disorder in the form
of displacement disorder, substitutional disorder and fractional site occupation. Since it
is highly possible to have a high defect concentration in the structure, it can be
concluded that the diffusivity of Al and Mg atoms within the structure will be somewhat
faster. This is supported by the observed large phase thickness and high diffusion
coefficients as well as its low activation energy for interdiffusion and growth.
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The γ-phase has the ideal stoichiometry of Mg 17 Al 12 at 58.6 at.% Mg with the high end
of the γ-phase field at 60 at.% Mg and the low end at 45 at.% Mg. The increase in the
interdiffusion coefficient in the γ-phase, seen in Figure 17, as the deviation from this
stoichiometry increases, suggests the defect concentration also increases.

The

relatively high interdiffusion coefficients in the γ-phase are somewhat unexpected due to
the highly ordered and close packed nature of its crystal structure. Another diffusion
mechanism (i.e., anti-sites) could be responsible for the diffusion in this relatively
complex structure.

Intrinsic diffusion coefficients of Mg and Al in the β-phase, reported in Table 10, indicate
that Al is the faster moving species in the β-Al 3 Mg 2 phase. The location of the marker
plane, in the β-phase near the β/Al (ss) interface, is also evidence of Al diffusing faster
than Mg in this phase due to the Kirkendall effect. This result is in exact agreement with
the marker location reported by Funamizu and Watanabe (Funamizu & Watanabe,
1972). Funamizu and Watanabe also concluded that Al intrinsically diffuses faster in the
β-phase by observing the rate of the marker plane shift, however, intrinsic diffusion
coefficients were reported for only one temperature, 698K, and are approximately one
order of magnitude higher than those currently reported for 673K.

Funamizu and Watanabe (Funamizu & Watanabe, 1972) and Tanguep Njiokep et al.
(Tanguep Njiokep, Salomon, & Mehrer, 2001) determined concentration-independent
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(e.g., constant) interdiffusion coefficients via Heumann’s analysis (Heumann, 1952).
This approach is valid when the intermediate phase formed varies linearly in
concentration, and requires the growth constant and solubility limits of the phase under
consideration. These “constant” interdiffusion coefficients were determined via
Heumann’s analysis from the growth constants reported for this study in Table 6 and
solubility limits given by the phase diagram shown in Figure 12. They are presented in
Figure 27(a) for the β-phase and Figure 27(b) for the γ-phase. The interdiffusion
coefficients determined from Heumann’s analysis agree well with those determined by
Funamizu and Watanabe and Tanguep Njiokep et al. for the β-phase. However, there is
a significant scatter for the γ-phase, possibly due to the difference in homogeneity range
limits of the γ-phase between each studies data or phase diagram used. The average
effective interdiffusion coefficients determined from this work, also shown in Figure 27,
are higher for both intermetallic phases.
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Figure 27: Interdiffusion analysis method comparison for the interdiffusion coefficient in
the (a) β-Mg 2 Al 3 phase and (b) γ-Mg 17 Al 12 phase.
81

5.1.4 Impurity diffusion estimations
Interdiffusion coefficients in the Al (ss) and Mg (ss) determined as a function of
concentration for both terminal solid solutions were extrapolated to near zero at.% of the
respective alloying component. These extrapolations may be considered as an
estimation of the impurity diffusion coefficients of each solid solution. Care was taken for
the extrapolation to exclude experimental measurement of concentrations near the
interfaces and terminal ends where the concentration gradients become too uncertain.
At 623K and 573K, disregarding the uncertain data left very little to extrapolate for Al
𝑀𝑔

impurity diffusion in Mg, 𝐷𝐴𝑙 . Assuming the variation of the interdiffusion coefficient will
Mg

be similarly linear near the dilute ends at each temperature, an expression DAl =
Mg

𝑀𝑔

DAl (CAl ) was determined at 673K and utilized for the extrapolation of 𝐷𝐴𝑙 at 573K and
623K. A sufficient amount of reliable data points were available to extrapolate the
𝐴𝑙
impurity diffusion coefficient of Mg in Al, 𝐷𝑀𝑔
, for all three temperatures.

Table 13 reports the extrapolated interdiffusion coefficients (i.e., estimated impurity
𝑀𝑔

diffusion coefficients), 𝐷𝐴𝑙

𝐴𝑙
and 𝐷𝑀𝑔
. The temperature dependence of these impurity

diffusion coefficients is presented in Figure 28, along with the self-diffusion coefficients
for Al (Lundy & Murdoch, 1962) and Mg (Shewmon & Rhines, Rate of Self-Diffusion in
Polycrystalline Magnesium, 1954) (Shewmon, 1956) (Combronde & Brebec, Anisotropie
𝐴𝑙
d'autodiffusion du magnesium, 1971). The estimated 𝐷𝑀𝑔
, is an order of magnitude
𝑀𝑔

higher than 𝐷𝐴𝑙 , and the activation energies for the estimated impurity diffusion
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coefficients differ by ~15 kJ/mol. Figure 28 also presents results from Fujikawa and
Hirano (Fujikawa & Hirano, 1977) who experimentally determined the tracer diffusion
of

28

Mg in nearly single crystal Al by using residual activity method after photo-nuclear

reaction to prepare carrier-free radioactive

28

Mg. The estimated impurity diffusion

𝐴𝑙
coefficients for Mg in Al, 𝐷𝑀𝑔
, from this study agree well to Fujikawa and Hirano,

especially at 673K.

𝑀𝑔

Table 13: Extrapolated impurity diffusion coefficients of Al in Mg, 𝐷𝐴𝑙 , and Mg in Al,
𝐴𝑙
𝐷𝑀𝑔
, and the corresponding activation energy and pre-exponential factor.
Temperature
673K
623K
573K

2
DMg
Al (m /s)
5.5x10-16
8.0x10-17
1.5x10-17

2
DAl
Mg (m /s)
9.4x10-15
2.9x10-15
4.3x10-16

D o (m2/s)
Q (kJ/mol)

4.2x10-7
114.7

5.2x10-7
98.9
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Figure 28: Impurity diffusion extrapolations from interdiffusion data in the Mg and Al
solid solutions and comparisons to literature values of Al and Mg self-diffusion and Mg
impurity diffusion in Al.

5.1.5 Estimations of tracer diffusivities and atomic mobilities
Zhong et al. (Zhong, Yang, & Liu, 2005) determined the activity of Mg as a function of
concentration in the Mg-Al system by first principles calculations and compared the
results with experimental data from Brown and Pratt (Brown & Pratt, 1970) at 710K and
660K. These calculations were found to be in good agreement with the experimental
data and were utilized to estimate the tracer diffusion coefficient and atomic mobility of
Mg and Al in the β-phase at the marker plane composition of Mg-62 at.% Al. Zhong et
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al. determined the activity of Mg in the β-phase assuming it is a stoichiometric line
compound. However, in this study, a small solubility range of ~2.5 at.% is clearly
observed from the experimental concentration profiles as presented in Figure 15, and in
accordance with the phase diagram in Figure 12. Using the maximum and minimum of
the activity of Mg computed for the stoichiometric β-phase by Zhong et al. and the ~2.5
at.% solubility of the β-phase observed in this study, the activity of Mg at the
temperatures of interest were linearly approximated as seen in Figure 29. Table 14
shows the estimated activities of Mg for the three experimental temperatures of this
study.

Figure 29: Estimates of the Mg activity in the β-Mg 2 Al 3 phase, with solubility, as a
function of temperature.
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Table 14: Estimates of the activity of Mg, thermodynamic factor, Φ, tracer diffusion
coefficient, 𝐷𝑖∗ , and atomic mobiity, 𝛽𝑖 in the β-Mg 2 Al 3 phase at the approximate marker
plane composition of 38 at.% Mg.

Temperature
673K
623K
573K

Activity
a Mg
0.31
0.21
0.20

Thermodynamic
factor, Φ
1.25
1.5
1.66

Tracer Diffusion
Coefficient (m2/s)
𝛽
𝛽
𝐷𝑀𝑔
𝐷𝐴𝑙
-13

2.3x10
5.9x10-14
5.3x10-15

-14

1.5x10
2.6x10-15
5.0x10-16

Mobilities (m/s-N)
β Al
2.5x107
6.6x106
6.6x105

β Mg
1.6x106
3.0x105
6.6x104

From the estimated activity of Mg in the β-Mg 2 Al 3 phase presented in Figure 29, the
thermodynamic factor (Darken, 1948), Φ = δln(ai )⁄δln(Ni ) was calculated as reported

in Table 14. The estimated thermodynamic factors increase with decreasing
temperature but are still relatively close to unity for each temperature. Then, tracer
diffusion coefficients,𝐷𝑖∗ , for Al and Mg in the β-Mg 2 Al 3 phase at the marker plane

concentration of 38 at.% Mg were calculated using the simple expression (Darken,

1948), Di = D∗i Φ, assuming negligible vacancy wind effects. Furthermore, the atomic
mobility, β i , of Al and Mg in the β-phase at the marker plane concentration was

calculated using (Darken, 1948) Di = βi RTΦ. These are reported in Table 14 also. The

intrinsic diffusion coefficients in the β-phase at the marker plane composition of 38 at.%
Mg were reported in Table 10. The mobility of Al in the β-phase at the marker plane
concentration is higher than that of Mg.
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5.2

Self- and impurity diffusion analysis

5.2.1 Aluminum impurity diffusion in magnesium
The impurity diffusion of aluminum in polycrystalline magnesium was measured via
depth profiling with secondary ion mass spectroscopy. The calculated activation energy,
from Figure 23, is 155 kJ/mole. To the author’s knowledge, an impurity diffusion study of
Al in Mg has not been reported, possibly due to the lack of availability of a suitable
isotope tracer for Al.

26

Al is the only radioactive tracer for Al and is difficult and costly to

obtain. Occasionally, indium (114In) is used as a similar acting substitute for

26

Al; these

two elements are in the same column on the periodic table of elements. Figure 30
shows the temperature-dependence of the Al impurity diffusion in Mg from this study in
comparison to the impurity diffusion of

114

In in single crystal and polycrystalline Mg from

Combronde and Brebec (Combronde & Brebec, Heterodiffusion de Ag, Cd, In, Sn et Sb
dans le magnesiumg, 1972) and Lal (Lal, 1967), respectively. As evident from Figure
30, the magnitude of the diffusion coefficients is relatively similar for In and Al impurity
diffusion in Mg, however the activation energy for Al impurity diffusion from this study is
slightly higher. The diffusion coefficients and activation energies obtained from these
experiments will be discussed further in Chapter 5.3 in comparison to the impurity
diffusion extrapolations made in Chapter 5.1.4.
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Figure 30: Impurity diffusion coefficient comparison for literature values of In in single
crystal and polycrystalline Mg and the presently measured Al impurity diffusion in
polycrystalline Mg. (In in single crystal Mg from (Combronde & Brebec, Heterodiffusion
de Ag, Cd, In, Sn et Sb dans le magnesiumg, 1972) and in polycrystalline from (Lal,
1967)).

From Table 11, it can be readily observed that the impurity diffusion coefficient can be
obtained to within ± 11% between different samples for the 573K sample and within ±

16.5% for the 623K samples which correspond to the lowest and highest standard
deviations. These uncertainty values only encompass the calculations of the diffusion
coefficient from the SIMS depth profile. Other sources of uncertainty, such as the
accuracy of depth measurement of the sputtered crater via profilometery and estimation
of the sputter rate, add to the uncertainty in calculating the diffusion coefficient. Under
improved experimental conditions, such as having a much larger grain size in the Mg
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substrate, or single crystal Mg, would decrease this uncertainty, especially at deeper
depths (higher temperature specimens) where sputter roughening and atomic mixing
due to SIMS is more of a concern.

5.2.2 Self-diffusion of the stable isotope 25Mg in polycrystalline magnesium
Aforementioned, the calculated self-diffusion coefficients for

25

Mg in polycrystalline Mg

with a grain size between 30 and 60 μm is higher by 1 to 1.5 orders of magnitude than
reported literature values. The literature values of Mg self-diffusion are mainly in single
crystals; one study was conducted in polycrystalline specimens with a grain size of ~1
mm (Shewmon & Rhines, 1954). There are several possible reasons for the
discrepancy in the calculated values and the literature values:
•

Sputter roughening due to broad grain size distribution leading to incorrect depth
measurements.

•

Grain boundary and microstructural effects (fast diffusion paths).

•

Impurity levels in current specimens versus specimens from literature (current
specimens are of higher purity).

•

Recrystallization/grain growth due to some remaining stored internal energy after
processing (Mg disks are from extruded rods).

•

Experimental errors in measurements and data analysis.
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It has been suggested that the most reliable measurements of diffusion coefficients
utilizing SIMS are obtained from single crystal specimens, or polycrystalline specimens
with very large grain sizes and significant crystallographic texture to ensure a constant
sputtering rate. However, with smaller grain sizes, the sputtering roughening could be
enhanced due to the sputter rate differing with crystallographic orientation. With multiple
grains included in the raster area (sputter area) the roughening would increase as the
depth of the crater increased. This roughening leads to an artificial broadening of the
depth profile and thus, to a less accurate slope used to calculate the diffusion
coefficients.

Another cause for the difference of the diffusion coefficient from literature values could
be the grain boundary effects on the diffusion process. Grain boundaries are high
diffusivity paths, meaning, atoms have higher mobility through grain boundaries due to
the more defect oriented and “open” nature of grain boundaries. Grain boundary
diffusion typically affects the diffusion process more strongly at temperatures below
0.6T m , where T m is the melting point. The melting point of Mg is 923K, therefore ~554K
is 0.6 of the melting temperature. Two of the specimens annealed in this study, the
573K and 523K specimens are close to this temperature. A characteristic sign of grain
boundary contributions is a long “tail” at the end of the Ln(C) vs. x2 profile. The thin film
specimens annealed at 573K and 523K did display a somewhat noticeable tail, as seen
in Figure 31. The tail portions of these profiles were not used in the calculation of the
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diffusion coefficient; instead, the left-most linear portion traditionally corresponding to
bulk or lattice diffusion was used.

Figure 31: Natural logarithm of the 25Mg/24Mg isotope ratio versus distance squared
plots showing possible grain boundary diffusion tails for (a) 573K for 240 minutes and
(b) 523K for 720 minutes.

The literature values reported for Mg self-diffusion were obtained from radiotracer
experiments

where

mechanical

sectioning

was

employed

to

determine

the

concentration profile. The specimen preparation, diffusion annealing times and
subsequent analysis for these experiments by both Shewmon (Shewmon & Rhines,
Rate of Self-Diffusion in Polycrystalline Magnesium, 1954) (Shewmon, 1956) and
Combronde and Brebec (Combronde & Brebec, Anisotropie d'autodiffusion du
magnesium, 1971) were significantly short due to the short half-life (21.3 hours) of the
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radioactive isotope,

28

Mg that was utilized. There could possibly be a significant

experimental uncertainty associated with these experiments, leading to different values
from those seen in this study.

5.3

General discussion of the interdiffusion and impurity diffusion analyses for the MgAl system

As stated previously, to the author’s knowledge, there is no experimental report for Al
impurity diffusion in Mg. A comparison of the experimentally measured Al impurity
diffusion coefficients via SIMS to the impurity diffusion extrapolations and previously
mentioned In impurity diffusion in Mg is shown in Figure 32. It is clear that the measured
Al impurity diffusion coefficients are higher than those extrapolated from the
interdiffusion data, however, the coefficients agree reasonably well at lower
temperatures. It is also evident that the use of In as a diffusion substitute for Al is well
founded, as its diffusivity is within the range between the extrapolated and
experimentally measured values for Al impurity diffusion in Mg. It is also evident from
the figure that the diffusion of Al in Mg is somewhat faster than that of Mg self-diffusion.
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Figure 32: Impurity diffusion coefficient comparison for Al in Mg from experimental
calculations and extrapolations from interdiffusion data, In impurity diffusion in Mg, and
self-diffusion of Mg.
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6 CONCLUSIONS

In this study, the intermetallic phase formation and growth, interdiffusion and intrinsic
diffusion behavior in the Mg-Al binary system was investigated via solid-to-solid
diffusion couples in the temperature range of 673-573K. The main observations from
this interdiffusion study were:
•

The formation of two intermetallic phases, β-Mg 2 Al 3 and γ-Mg 17 Al 12 , of which,
the β-phase formed a much thicker layer, had higher growth constants, higher
interdiffusion coefficients, and lower activation energies for both growth and
interdiffusion.

•

Parabolic growth constants were determined for both intermetallic phases
observed and activation energies for growth were calculated as 86 kJ/mole for
the β-Mg 2 Al 3 phase and 165 kJ/mole for the γ-Mg 17 Al 12 phase.

•

Concentration-dependent interdiffusion coefficients were determined with the
Boltzmann-Matano analysis and the β-Mg 2 Al 3 phase had the highest magnitude,
followed by the γ-Mg 17 Al 12 phase, the Al solid solution and the Mg solid solution.

•

From the determination of average effective diffusion coefficients, activation
energies for interdiffusion for the Al solid solution, β-Mg 2 Al 3 , γ-Mg 17 Al 12 , and Mg
solid solution phases were calculated as ~105, 83, 123, and 187 kJ/mole,
respectively.

•

The Kirkendall marker plane was utilized to determine the intrinsic diffusion
coefficients of Al and Mg in the β-Mg 2 Al 3 at the approximate marker plane
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composition of Mg-62 at.% Al. Al was determined to have the higher intrinsic
diffusivity in this phase at the marker plane, however the activation energy for Al
intrinsic diffusion, 112 kJ/mole was similar to that for Mg at 100 kJ/mole.

Additionally, estimates of the impurity diffusion coefficients of Mg in Al (ss) and Al in Mg
(ss) were made and compared to available literature data with reasonable agreement.
From the activity of Mg in the β-Mg 2 Al 3 phase reported in literature, the thermodynamic
factor was calculated to be close to unity. Estimations of the tracer diffusion coefficients
and mobilities of Al and Mg in the β-Mg 2 Al 3 phase at the marker plane concentration
were carried out, showing both values to be higher for Al than for Mg.

The Al impurity diffusion in polycrystalline Mg via depth profiling with secondary ion
mass spectrometry was also studied in the temperature range of 673-573K, utilizing the
thin film method and thin film solution to the diffusion equation to extract the diffusion
coefficient. The diffusion coefficient can be described by:
Mg

DAl = 3.9x10−3 exp �−

The self-diffusion of the stable isotope

155kJ
mol

⁄RT� m2 /s.

25

Mg in polycrystalline Mg was also investigated

via the thin film method and measured with SIMS depth profiling. The values of the
diffusion coefficient for this study in the temperature range of 523-673K were
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significantly higher than those reported in literature. Possible reasons for this include
sputter roughening and broadening of the depth profile due to an inconstant sputter rate
resulting from a broad grain size distribution, higher purity specimens used in the
current study versus the literature specimens, and possible grain boundary and other
short circuiting diffusion effects. It is also possible that the reported literature values for
the self-diffusion of the radioactive isotope

28

Mg in Mg contain significant sources of

error due to the complex experimental set up and short half-life (21.3 hours) of the
isotope.
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